Abstract-One of the most important factors that influences the performance of geomorphologic parameters on urban lakes is the water level. It fluctuates periodically, causing shoreline changes. It is especially significant for typical environmental studies like bathymetric surveys, morphometric parameters calculation, sediment depth changes, thermal structure, water quality monitoring, etc. In most reservoirs, it can be obtained from digitized historical maps or plans or directly measured using the instruments such as: geodetic total station, GNSS receivers, UAV with different sensors, satellite and aerial photos, terrestrial and airborne light detection and ranging, or others. Today one of the most popular measuring platforms, increasingly applied in many applications is UAV. Unmanned aerial system can be a cheap, easy to use, on-demand technology for gathering remote sensing data. Our study presents a reliable methodology for shallow lake shoreline investigation with the use of a low-cost fixed-wing UAV system. The research was implemented on a small, eutrophic urban inland reservoir located in the northern part of Poland-Lake Suskie. The geodetic TS, and RTK/GNSS measurements, hydroacoustic soundings and experimental aerial mapping were conducted by the authors in 2012-2015. The article specifically describes the UAV system used for experimental measurements, the obtained results and the accuracy analysis. Final conclusions demonstrate that even a lowcost fixed-wing UAV can provide an excellent tool for accurately surveying a shallow lake shoreline and generate valuable geoinformation data collected definitely faster than when traditional geodetic methods are employed.
Introduction
Water environment is a complex phenomenon, dynamic in both space and time. To understand its nature a methodology that allows to accurately describe the objects and analyze the spatio-temporal changes is required. Over the years, different approaches have been employed to accurately model the topography of water reservoirs, lakes and rivers. They introduced new procedures, the processing chain, sensors, and algorithms (Popielarczyk et al. 2015) .
The aquatic environment changes are the result of natural and anthropogenic forces, as well as the protection and restoration process of water reservoirs. The study of the state of this environment usually begins with a thorough analysis of the bathymetry and morphometry Lopata et al. 2014 ). The quality of morphometric parameters largely depends on the accuracy and quality of the collected data. One of the biggest challenges in the processing chain is the effective methodology to quickly and efficiently collect accurate and up-to-date data. To realize this idea the authors started a research program with the goal of developing a dedicated, open unmanned aerial system for semi-automated shallow water morphometric and bathymetric data acquisition.
Recent advances in surveying technology allow to construct a novel, automated measuring platform using modern sensors and processing algorithms. (Toth and Jóźków 2016) . Traditional geodetic survey techniques (total station and RTK/GNSS surveys) are nowadays more frequently replaced with high-resolution laser sensors and semi-automatic platforms: aerial light detection and ranging systems (ALS), terrestrial light detection and ranging systems (TLS) or mobile light detection and ranging systems (MLS), personal laser scanning (PLS) (Marshall et al. 2016) .
Water environment research usually requires continuous mapping of underwater and land topography. In most reservoirs, bathymetry can be measured with instruments such as sonar, singleThe original version of this article was revised: the first name of the third author the small letter has been used instead to be capitalized. Furthermore the version of 'RAFAł' is incorrect. It should be 'RAFAŁ '. beam echo sounder (SBES) or multi-beam systems (MBES) and bathymetric airborne LiDAR (International Hydrographic Organization 2005) . Additional analysis of the adjacent topography requires remote sensing products like aerial photography, satellite images or radar imagery (Heine et al. 2015; Szostak et al. 2014; Szulwic et al. 2015) .
One of the most important factors that influences the result of geomorphologic parameters on urban lakes is the water level. It fluctuates periodically, causing shoreline changes. The shape and length of the shoreline determine the bathymetry and morphometric parameters of the lake. It is especially significant for typical environmental studies like bathymetric surveys, sediment depth changes, thermal structure, water quality monitoring, etc. (Shintani and Fonstad 2017) . In most reservoirs, the water level can be obtained from digitized historical maps and plans or direct measurements using: geodetic total station, GNSS receivers, satellite and aerial photos, and even UAV with different sensors.
Unmanned aerial vehicles (UAVs), known as drones, offer significant advantages in geodata collection and are a low-cost alternative to the classical manned aerial photogrammetry or complementary solution to terrestrial acquisition (Nex and Remondino 2014; Niedzielski et al. 2016) . The greater coverage, better quality and resolution of affordable aerial platforms make the number of practical applications difficult to determine. UAVs increase speed and reduce the cost of remote data collection. Even a relatively small and cheap quadcopter, for example DJI Phantom, provides several minutes of effective working time/flight at working height up to 200-300 m above the ground. This allows measurements of small engineering objects in a limited terrain. A low-cost UAV equipped with remote sensors or camera allows frequent flights at low altitudes in almost any area (Huang et al. 2017) .
The use of small unmanned measurement systems for acquiring geoscientific data has grown rapidly in recent years. Unmanned aerial vehicles (UAVs) are increasingly being used to monitor small areas, e.g., small water reservoirs (ponds, urban lakes) and can be a good alternative to satellites, due to better resolution and detail. UAVs have become significant tools to perform a photographic inventory of land and engineering structures. The most often used UAVs are low cost and not very sophisticated multicopters, which are becoming increasingly popular as a platform for photogrammetric cameras (Č ermáková et al. 2016; Harvey et al. 2016; Yucel and Turan 2016) .
In recent years, UAV platform has been developed to provide a solution for divergent water applications. Despite their increased capabilities, the use of drones in geophysical sciences is usually restricted to image acquisition for generating highresolution maps (Tauro et al. 2016) . Some authors offered a solution-the use of UAV systems to reconstruct topography in coastal environment (Mancini et al. 2013) , shallow braided rivers (Javernick et al. 2014 ) and lakes. More sensors will be developed over time allowing, for example, in situ measurements (Kageyama et al. 2016; Koparan and Koc 2016) , pollution meters (Zang et al. 2012 ) and so on.
Only few researchers have addressed the problem of using fixed-wing UAVs in water studies (Everaerts 2008) . They mainly concentrate on an advanced platform dedicated to the largest water reservoirs (Zolich et al. 2015) . Most of the publications have been limited to off-the-shelf multicopters (AguirreGómez et al. 2016; Dietrich 2017) . Despite the efficiency of such methods presented in the literature, their use is restricted to easy-to-access environments. They are limited in flight times and payload, with typical endurance of 15-20 min and payloads of up to 0.5 kg for consumer-level systems. UAV operation is also limited during windy weather conditions. Due to their bigger size and more challenging service, fixed-wing platforms are considered as more complex, specialized tools. The main limitations are price, legal constraints and the need to ensure the technical expertise of the pilot. As a result, the UAV use usually requires cooperation with commercial companies (McEvoy et al. 2016) . The application of the multi-rotor UAV in shoreline measurements is limited due to their range and working time. Therefore, the authors offer a much longer operation time of the measuring system by using the self-constructed and self-built fixed-wing unmanned aerial system (UAS), equipped with the autopilot and camera. A low-cost drone can operate for 35-40 min collecting photos for further elaboration. A properly configured 3264 T. Templin et al. Pure Appl. Geophys. autopilot can bring the sensor-equipped aircraft to the location where the measurements are to be made. After the surveys UAV can automatically return and perform a safe landing. The study presents a reliable methodology for shallow lake shoreline investigation using a low-cost tailless fixed-wing UAV system. The research was implemented on a small, eutrophic urban inland reservoir located in the northern part of PolandLake Suskie. The geodetic TS, and RTK/GNSS measurements, hydroacoustic soundings and experimental aerial mapping were conducted by the authors in 2012-2015. The article specifically describes the UAV system used for experimental measurements, the obtained results and the accuracy analysis. The results show that even a low-cost fixed-wing UAV can provide an excellent tool for accurately surveying a shallow lake shoreline and providing valuable geoinformation data collected definitely faster than through traditional geodetic methods.
Methodology
The objective of any remote sensing (the process of measuring an object or phenomenon of interest from a distance), is to provide observation of some physical parameter in a mapping frame at a given time or time period (Toth and Jóźków 2016) . Many studies have quantified analyzing the usefulness of UAVs for monitoring, inspection and surveys applications in water environment. Most of them are based on off-the-shelf constructions. Only few demonstrate advantages of an open, independent aerial platform (Sørensen et al. 2017) .
A lot of research has been done using a different UAVs type platform. Using UAVs is now widespread across a range of disciplines (Anderson and Gaston 2013; Liu et al. 2014; Smith et al. 2016) . The most popular environmental applications are: landslide monitoring (Lucieer et al. 2014a) , measuring changes in coastal morphology (Casella et al. 2014; Gonçalves and Henriques 2015; Papakonstantinou et al. 2016) , monitoring glacier movement (Immerzeel et al. 2014; Ryan et al. 2015) , studying Antarctic moss beds (Lucieer et al. 2014b) , soil erosion monitoring (d'Oleire-Oltmanns et al. 2012), fluvial geomorphology (Mori et al. 2002; Tamminga et al. 2015; Woodget et al. 2015) and forest research (Tang and Shao 2015; Wallace et al. 2012) . These studies are conducted using different UAV platforms delivered by various manufacturers (i.e., hybrid, flapping-wing, fixed-wing, coaxial, duct-fan, single rotor, and multi-rotor). Numerous documents in the literature describe the state-of-the-art development of UAVs (Cai et al. 2014) . These reports provide a brief overview of small-scale unmanned aerial vehicles (UAVs) based on the information summarized from 132 models available worldwide. Their research was primarily concerned with the UAV platforms developed by academic institutions. Nowadays, there are also many complex commercial aerial mapping systems on the geodetic market. The review of UAS technology for photogrammetry and remote sensing applications with emphasis on regulations, acquisition systems, navigation and orientation can be found in the literature (Colomina and Molina 2014; Liu et al. 2014) .
Recently, the most common platforms are multirotor and fixed-wing. Both have advantages and disadvantages which define their potential applications. Each UAV has a unique take-off and landing system (McEvoy et al. 2016) . The fixed-wing systems require a larger clear area for both take-off and landing. They also need launching systems such as bungee cords or rails along with landing airbags, parachutes or nets (Gülch 2012) . The multi-rotor model could take-off and land vertically from almost any location. Flight time and flight speed also vary between UAV models. The flight time for the fixedwing models was between 30 and 90 min per flight, whereas the flight time for multirotor models was usually less than 20 min per flight. It gives a wide area mission coverage within one basic package of battery. Fixed-wing UAVs move at a speed of approximately 15 m/s while multi-rotor UAVs move at approximately 3 m/s. A fixed-wing body has better weather resistance, can be operated with stronger wind (up to 15 m/s) and during little rain (Haala et al. 2012) . In case of minor damage, it allows for stable, continuous flight and safe landing. The fixed-wing platform is cheaper to build, has a simpler construction and fewer electronic components. The basic disadvantages of the wing are the need for open space Vol. 175, (2018) Application of Low-Cost Fixed-Wing UAV for Inland Lakes Shoreline Investigation 3265 for takeoff and landing and the need to be controlled by an experienced operator. Considering the arguments above, the authors propose to build an open, low-cost unmanned aerial system (UAS) based on a popular fixed-wing Skywalker X-5 platform and the widely used open source flight control Pixhawk system with a dual processor, equipped with a global positioning system, data teletransmission module, etc. (Meier et al. 2012) .
For economic reasons and payload restriction, the low-cost UAV platforms utilized for mapping purpose are mainly based on inexpensive passive sensors. A typical UAV imaging system consists of low-cost consumer-grade cameras. To obtain true ortho-photo mosaic and extract the 3D structure from multiple overlapping photographs, the structure from motion (SfM) algorithm is used. In most cases it is also combined with multi-view stereo (MVS) to automatically produce high-resolution digital elevation models (DEMs) (AgiSoft 2010; Snavely et al. 2008 ). This methodology is now well described and has been used in many studies (Fonstad and Marcus 2005; Wu 2013 ).
The growing popularity of aerial solutions increases the amount of flexible and scalable UAV software. New applications can automate navigation tasks and analyze the collected data. The photogrammetric SFM/ MVS software falls into two categories: commercial, proprietary software (easy to use, but closed like a black box) or open source software (more complex workflow that requires advance knowledge) (Shervais 2015) .
To process data from a designed UAS platform different SFM/MVS software was considered. Open source applications like VisualSFM coupled with CMP-MVS (Jancosek and Pajdla 2011) or SFMToolkit (Johnson et al. 2014; Westoby et al. 2012) were tested. Due to relatively early stage of our platform and certain limitations of these applications (maximum dimension of threshold, and others), the authors have decided to use one of the well-known, proprietary solutions-AgiSoft PhotoScan Pro from Agisoft.
Study Area
The presented research was implemented on a shallow, eutrophic inland reservoir. Lake Suskie is a small, urban lake located in the northern part of Poland (Fig. 1) . It is situated in Susz Town, in the south-western part of Iławskie Lakeland, in the drainage basin of the Liwa River, a second-rank, east tributary to the Nogat River (Lossow et al. 2004 ). The lake is shallow with little-diversified bottom with max depth of 5.3 m (Choiński 2006; Inland Fisheries Institute in Olsztyn 1963) . The lake has no natural surface inflows. The drainage basin on the eastern side is dewatered by melioration ditches. Heavily polluted 62-ha reservoir, located in the Iława Lake District, plays a significant role both in the water management of the Susz municipality and recreation for the region's inhabitants. The existing analog bathymetric plan of Lake Suskie and morphometric card had been developed by the Inland Fisheries Institute in Olsztyn (IRŚ ) on the basis of historical measurements (Inland Fisheries Institute in Olsztyn 1963) . Unfortunately, the historical analog bathymetric plan of the bottom shape and shore line differs from reality. The old bathymetry and morphometry were developed by the IRŚ in the previous century (in 1963).
Work Purpose
The main purpose of presented work is to reveal the potential application of the proposed tailless fixed-wing UAV platform and the data-processing chain within the case study of a typical shallow water reservoir.
The authors commissioned by the city of Susz regional authority have begun a study of Lake Suskie in the frame of a reclamation project. During the preliminary inventory of the lake, it turned out that the shape of the bottom and the course of the coastline differ significantly from those presented in previous morphometric data, adversely affecting the current morphometric data of the lake. In the years of 2012-2013, the authors have conducted new bathymetric surveys using dual-frequency, single-beam hydroacoustic system. The coastline has also been updated with TS and RTK geodetic techniques. However, classical shoreline measurement techniques have proved to be time-consuming and inaccurate because of the emergence of vegetation, wetlands and trees that adversely affect RTK/GNSS measurements. For this reason, the authors proposed the use of UAVs to inventory the shape of the coastline. The proposed methodology for shoreline investigation and finally for bathymetry and morphometry calculation requires the integration of several measurements systems. Direct geodetic, GNSS, hydroacoustic and finally proposed aerial measurements are used to quickly and reliably collect accurate data. The new challenge was to implement a modern, low-cost and efficient UAV system that supports an effective collection of shoreline data across large areas of the water environment. Figure 2 shows the proposed procedure and lists the methods of coastline extracting used during the experimental study and further analysis. At first, potentially useful methodologies for shoreline acquisition were analyzed. The available data sources were discovered and used (the bathymetric plans and morphometric cards, aerial photos and satellite images, topographic maps and cadastral data from existing databases). Then direct geodetic, bathymetric and aerial measurements were conducted and the collected data were processed to calculate shoreline changes. The extracted shorelines were compared. Finally, the chosen UAV shoreline was applied to elaborate up-to-date bathymetry and morphometry of the lake.
The potential influence of data acquisition methodology and changes between different method results was presented on the most characteristic, east part of the lake shoreline (Figs. 2, 4) . To highlight the advantages of the UAV system, the comparison between different measurement techniques was discussed. The results from the unmanned aerial platform were assigned and compared with complementary techniques and classical TS and GNSS methods of coastline detection on shallow reservoirs. The optimal solution was chosen for new bathymetric elaboration and new morphometric parameters calculation. A reliable Digital Elevation Model of the lake bottom was made and processed in the following steps. At the end, the results of the bathymetric campaign were discussed. The presented methodology was proposed to be applied during a sediment and morphometry analysis task on the typical small, eutrophic urban inland reservoir (Lake Suskie).
Geodetic/Bathymetric Data Collecting and Processing
According to the Lake Suskie reclamation project, new bathymetric surveys were conducted to elaborate up-to-date bottom elevation model and to calculate morphometric parameters. The integrated bathymetric system used during depth measurements basically consists of: RTK/GNSS positioning, an SBES hydroacoustic bottom detection system and special GNSS, hydrographic and GIS software. During the project, Topcon Hiper Pro receivers were used and RTK/GNSS positioning was completed based on the Ground-Based Augmentation System (GBAS) permanent reference station ASG-EUPOS (Active Geodetic Network-EUPOS). Additionally, the raw GNSS/static/data were used for accurate water level calculations. The hydrographic SBES equipment included two single-beam digital hydrographic Echo Sounders: a Simrad EA501 P and a Reson Navisound 515. Additionally, a YSI 600R sonde for SBES calibration was used. The EA 501 P system basically consists of a 200-kHz transducer, transceiver and personal computer. Dual channel Navisound 515 uses two-frequency transducers (38 and 200 kHz). The bathymetric measurements were carried out in two stages. The first part covered the central deepest region of Lake Suskie. The second was conducted in the northern and southern part of the lake. The basic measurement profiles were designed in the east-west direction at spatial sampling of 10 m. After conducting all the stages of field measurement campaign on Lake Suskie, the bathymetric raw data were processed.
UAV Measurements
The last element necessary for the development of the current bathymetry and morphometric data was the updating of the shoreline course. For this purpose, the authors propose a new methodology for the coastline shape inventory with the use of UAV. The whole area of Lake Suskie covered by scheduled and executed experimental aerial measurement was divided into four basic parts/flights. In the present work the most interesting middle/east part of the lake was presented and analyzed (Fig. 4) .
UAV Fixed-Wing Prototype
Lake shoreline measurements and the inventory of underwater vegetation as well as adjacent areas cover large areas and take considerable time. That is one reason why the authors have built their own prototype of unmanned aerial system (UAS) based on Skywalker X-5 fixed-wing platform.
The proposed UAS consists of five main components:
1. Unmanned aerial vehicle (UAV). 2. Sensor (camera). 3. Radio control system (RC). 4. Telemetry link.
Ground control station (GCS).
7A tailless fixed-wing aircraft is made of expanded polyolefin (EPO). The UAV is based on separate components available on the market, in hobby stores. All individual components have been purchased, configured and finally calibrated by the authors (Table 1) . In addition to a simple based platform, it also contains radio control, telemetry and autopilot systems, GNSS positioning and a high torque brushless motor. The heart of the drone is an open source autopilot called Pixhawk and peripheral sensors, i.e., a GPS receiver with magnetometer, Pitots' tube, servo motors, an electronic speed controller with a brushless engine. Pixhawk works with Ardupilot firmware, which provides full automatic flights and camera triggering. Frsky's transmitter Taranis is a radio control (RC) system used as the safety background for steering of the drone. It makes it possible to operate a drone in four or more different flight modes: manual, assisted (FBWA-fly by wire alfa), full automatic (AUTO), and auto return to launch (RTL). Telemetry data are based on two 433-MHz radios. The radio link module is connected directly to the flight computer (the Pixhawk flight controller). The fully charged lithium polymer (LiPO) battery 4600 mAh provides a maximum flight time of 45 min. In addition, the built-in safety features in the flight computer manage potentially dangerous situations: UAV can land manually or automatically when the battery is running low. Our fixed-wing prototype with 1180 mm wingspan can lift a Sony RX100 20MP camera (weighing 300 g with Seagull controller). The total weight of the UAV system is 1.35 kg, including the battery and camera. Our UAV flight wing tolerates wind speed of up to 15 m/s (a threshold that was never exceeded during data collection). The fixed-wing system requires a relatively small, clear take-off and landing area. To launch the flying wing a bungee system is obligatory. This solution provides high reliability of each take-off. A belly landing can be done in the auto, assisted or manual mode. An open source software named Mission Planner (GCS) is responsible for planning and operating the photogrammetry missions, setting up the drone and calibrations.
To acquire spatial resolution photographs during the Lake Suskie experimental measurements, a fixedwing UAS was assembled as follows (Fig. 3) .
Data Acquisition/Image Acquisition
Our autonomous fixed-wing system can operate and take photographs automatically according to a flight plan (prepared in Mission Planner software). The drone is operational for approximately 45 min on a single battery. A Sony RX100 II camera with 20 effective megapixels was used to collect the photographs. The photo capture rate was controlled by the flight system control board, which was programmed to emit a trigger pulse at a desired frequency. The shutter of the camera was triggered by the Seagull steering controller, which was connected to the UAV control system. The stable flight of the UAV increases image quality and precision, while wind reduces it. The UAV was manually launched from a flat area near the lake. Manual control during the flight negatively affects image quality and resolution, especially in windy conditions. That is why images were acquired at a fixed height, under automatic flight control, while manual control was used for landing. Before each stage/flight of the project, the front-lap image overlap was calculated to be 70%, with a side-lap image overlap of 50%, for a setting of one photograph per second. The Lake Suskie is largely surrounded by forest or by single high trees. That is why flight altitudes ranged from 100 to 160 m, depending on the covered area and the height of surrounding trees. During experimental measurements the ground control system was used to set flight parameters and to monitor the flight status. A remote control unit (RC) was used to operate the tailless fixed-wing platform manually in case of emergency.
Before the mission the flight plan was designed. The whole measurement area of Lake Suskie was divided into four parts. One of the tested areas presented in the research is shown in Fig. 4 . This experimental flight area has 33 ha (including water) and covers 1600 m of shoreline. The take-off and landing site, marked as H in Fig. 4 , was away from the edge of the lake. Because of high trees, hilly terrain and nearby construction works operating the UAV was neither easy nor comfortable.
GNSS Survey, GCPs Determination
To convert the image coordinates into geographical coordinates, ground control points (GCP) for the area of interest are required. Eight GPCs were used on the most interesting middle-east part of the lake described in the research (one flight from four covering the whole lake, Figs. 4, 5). The scale, resolution and precision of ground control points are the major factors affecting UAV image quality (Niethammer et al. 2012 ). GCPs were determined using GNSS Topcon HiperPro geodetic receivers. The raw GNSS/static/data were used for GCPs coordinates calculations. Static sessions were completed based on the four Ground-Based Augmentation System (GBAS) permanent reference stations ASG-EUPOS (Active Geodetic Network-EUPOS): ELBL, GRUD, ILAW, STRG. The BLH WGS'84 horizontal geodetic coordinates were transformed into projected coordinates (ETRS 1989 Poland CS 2000 Zone 7). Vertical measurements were reduced to Kronsztad'86 (vertical map datum in Poland-normal heights above sea level). The RMS error of GCP measurements was less than 10 mm horizontally and 15 vertically. The distribution of GCPs across the region of one stage of all flights, used for the georectification procedure, is shown as yellow dots in Fig. 5. 
Coastline Extraction and Comparison
To evaluate a possible impact of data acquisition on the coarse line location, all existing materials have been analyzed and prepared for further work. The following data were discovered and acquired from the succeeding sources:
• Historical bathymetric plan from Inland Fisheries Institute in Olsztyn, • Orthophoto from a Polish geoportal (http://www. geoportal.gov.pl), topographic and cadastral maps from government and regional offices, • RTK surveys from on-site measurement campaign, • UAV orthomosaic from on-site UAV surveys.
All the data were collected, analyzed and processed using distinctive techniques. The bathymetric plan provided by the Inland Fisheries Institute in Olsztyn in 1963 had been prepared on the basis of old conventional surveys. The old plan was first converted into a digital format and next digitized for further work. The feature classes representing course line were extracted from adjusted historical bathymetric data.
The classical manned aerial photo was acquired as an image from web map service (WMS) from a Polish geoportal. The topographic maps and cadastral data were obtained as vector layers in ESRI shape formats. They were transformed into common database and used as supported layers for aerial maps. The coarse line was digitized and saved as polyline layers.
The direct RTK/GNNS shoreline measurements were made with Trimble R8 geodetic RTK/GNSS receiver used for collecting float/fixed field data based on the single GBAS ASG-EUPOS reference station in Iława (ILAW). During the RTK a survey of 608 fixed/float points was collected. Unfortunately, as many as 228 points were measured by the float solution because of the trees and the difficult satellite situation. That is why the inventory of the coastline was completed using the developed unmanned aerial system. The typical workflow was used for UAV image processing. It was based on the SfM method used in the Agisoft PhotoScan software. The processing chain consisted of the following steps: image matching, georeferencing, digital elevation model creation, orthomosaics, point cloud generation and texture model creation.
All steps were performed with ESRI ArcMap, version 10.4.1. All of the GIS datasets were created in the Polish projected ''ETRS 1989 Poland CS 2000 Zone 7'' coordinate system.
Results
The proposed methodology for acquiring reliable coastline and bathymetric information was implemented during Lake Suskie project. After performing comprehensive GNSS, hydroacoustic and aerial measurements on the reservoir, the authors have compiled a new shoreline and up-to-date bathymetric and morphometric data.
Elaboration of Lake Suskie Boundaries
The collected data were processed and analyzed using ESRI ArcGIS version 10.4.1 with the 3D Analyst/Spatial Analyst extension. The data were firstly imported into common ESRI geodatabase structure and processed sequentially. As a result four different shorelines were prepared. The visualization of the first three (historical, orthophoto and RTK) are presented in Fig. 7 .
The UAV data require an additional task. In the presented part of the area 310 photographs were captured on the average 156 m flying altitude, encompassing coverage area of 34,53 ha. Figure 6 presents orthophotos and the DEM of the lake shoreline and the adjacent natural topography created during image processing. On the basis of our UAV mission the resolution of elaborated orthomosaics was at the level of 1-6 cm per pixel. These highresolution UAV images were next used to determine the lake borders. The on-screen digitization method was next used for shoreline extraction.
The calculated parameters of Lake Suskie are shown in Table 2 . According to the UAV measurements conducted in 2015 the total area of the lake is 62.00 ha and the shoreline length is 5790 m. The calculated area is similar to the area obtained from satellite images and RTK surveys. The shoreline length differs by 81 and 33 m, respectively. According to the historical bathymetric plan the UAV area was reduced from 62.70 to 62.00 hectares. However, the shoreline increased from 5600 to 5790 m. Figure 7 presents comparisons of coastline extraction methods. The top left-the historical morphometric plans from IRS, lower-the orthophotomap from Head Office of Land Surveying and Cartography in Warsaw, the bottom left-RTK survey on the topographic map, on the right, the comparison of coastlines (historical, orthophoto, RTK, UAV).
Lake Suskie DEM Generation and Morphometry Calculation
After conducting all the stages of field experimental measurements on Lake Suskie, the current coastline with border of reeds, 3D bathymetric model and morphometric parameters were elaborated. The raw data from hydroacoustic sounding were processed and bathymetric points were converted into an ESRI multipoint feature class. The inventory of the coastline included historical data and Web Map Service (WMS) analysis, aerial remote sensing data from UAV and RTK/GNSS direct measurements. Figure 8 presents the northern part of the lake, including the following layers: isobaths, the coastline shape with measured points, the vegetation area. The red line shows the old coastline extracted from archival bathymetric plan.
The quality of the DEM is basically a function of the accuracy of individual survey points, field survey strategy and the method of interpolation (Heritage et al. 2009 ). The most popular ways to create DEM models are the regular grid surface (Grid) and triangulated irregular network (TIN) (El-Sheimy et al. 2005) . The Lake Suskie DEM was generated with the use of ESRI ArcGIS 10.4.1 (Fig. 9) . Vol. 175, (2018) Application of Low-Cost Fixed-Wing UAV for Inland Lakes Shoreline Investigation 3273
Bathymetric parameters such as volumetric and area calculations were derived using the TIN model. Contours, depth ranges, and the shaded relief map were derived from a DEM grid. The TIN surface was created using the collected bathymetric data points and the lake boundary inputs. The TIN consists of connected data points that form a network of triangles representing the bottom surface of the lake. This grid was created using the ArcMap Topo to Raster Tool and had a spatial resolution of 5 m. Then the contours were generated and converted to polygon feature classes. They were attributed to show 0.5-m depth ranges across the lake. At the end, the contour lines were edited to improve accuracy and to smooth the lines. The new elaborated coastline and DEM is a source of quantitative information. Lake morphometry (e.g., depth, volume, size, etc.) facilitates the understanding of the physical and ecological dynamics of lakes (Hengl et al. 2009; Hutchinson 1957) . The basic morphometric parameters of Lake Suskie were calculated based on the methods and definitions described by Hutchinson, Wetzel, Choinski and Ławniczak (Choiński 2007; Hutchinson 1957; Wetzel 2001) . The new Lake Suskie morphometry parameters on the basis of the last bathymetric, GNSS and UAV measurements were calculated for the entire lake. The following morphometric parameters describing Lake Suskie were elaborated: max. lake length (m), max. and mean width (m), area (ha), shoreline length (m), volume (m3), max. and mean depth (m). Actual morphometry parameters are shown in Table 3 . It is important for these results to be considered in the future management of the shallow lake. Local authorities intended to use the new elaborated bathymetry and morphometry for the Lake Suskie reclamation project.
Discussion
Each of the presented methods of shorelines extraction is encumbered with errors, limiting its further use. The historical bathymetric plans, due to the paper form and lack of geodetic references, can only be used as information on the historical course of the coastline and contour lines to build the digital elevation model of the bottom. It can be then used for the analysis of spatio-temporal changes of the water reservoirs.
Photogrammetric data are a very good source to analyze the coastlines. However, the acquisition of classical manned aerial photos is still a very expensive and time-consuming process. The measurements are usually performed periodically. The orthophotomap used in the project is characterized by following parameters: the date of the picture taken for orthophoto-2014, pixel size 0.5 m, RGB color. Due to the date, relatively low resolution (pixel size) and hard observation conditions on the shore, this method provides unreliable water environment information. The necessary geodata should be collected by direct measurements. RTK/GNSS measurements conducted under difficult satellite observation conditions have shown serious limitations during shoreline inventory. Nearly one-third of the measurements were characterized by a lack of a fixed solution. During the RTK measurements of the coastline or adjacent areas there are frequent problems with satellite signal loss or multipath effect. This is related to the fact that the banks of inland water reservoirs are often forested, or overgrown with single trees and brushes. This makes it much more difficult to perform GNSS geodetic measurements and sometimes even makes it impossible. Figure 10 shows some examples of the float RTK solutions in the immediate vicinity of the trees (Lake Suskie), even though the measurements were performed in early spring.
Accuracy Analysis
The inventory of the coastline and reed should be performed for further lake morphometry elaboration. So far, classical geodetic techniques or RTK/GNSS have traditionally been used. They are, however, time-consuming, and in some cases even impossible. Therefore, the authors decided to use UAV remote sensing for shoreline mapping. To check the coastline accuracy on the UAV-based orthophotomap, an accuracy analysis was performed on a fragment of the eastern part of the lake. The Trimble R8 geodetic RTK/GNSS receiver was used for collecting float/-fixed field data based on the single GBAS ASG-EUPOS reference station in Iława (ILAW) . To analyze the horizontal and vertical accuracy of the coordinates of terrain details as determined from the UAV, a fragment of a concrete bicycle path around the lake was used as a reference. At the same time the comparison of the coastline and reed line was performed. Figure 11 presents horizontal and vertical coordinate differences.
The horizontal differences of the coordinates range from -0.033 to 0.020 m. The mean value is -0.007 m. The results of the vertical surveys show 
Morphometry Analysis
In the presented research the authors describe geodetic, bathymetric and aerial measurements conducted on a small, urban lake, Lake Suskie, the final product of which is the development of a bathymetric map and morphometric parameters. The new integrated surveys show that the max depth of the lake is not 5.3 m (according to archival data from the Inland Fisheries Institute) but 4.1 m (Pawłowski 2014) . The analysis of 1963 and 2013 survey suggests that over 50 years the surface area of Suskie Lake has changed from 62.7 to 62.0 ha and the lake volume has decreased from 1,491,400 to 1,377,086 m 3 . Moreover, meaningful changes in the shoreline were observed, which had a significant impact on the morphometric data of the lake. The coastline length has increased from 5600 to 5790 m. During the measurements and the raw data elaboration process all bathymetric data were referenced to the common, reference water level. By analyzing archival maps, aerial photo and satellite images, it is evident on the archival bathymetric plan that the shape of the coastline is significantly different from archival geodesic materials (in some places the differences are several dozen meters). It can be concluded that the incompatibility of the coastline is due to the imperfection of the measurement methods used in the bathymetric process. The contemporary coastline only slightly differs from archival geodetic materials. On the other hand, it differs significantly from the old bathymetric plan.
As far as bathymetry is concerned, it is difficult to draw clear conclusions as to why the archival depth map differs from the current one. The old bathymetric plan indicates a maximum depth of 5.3 m centrally in the middle of the lake. Contemporary, professional hydroacoustic measurements have defined a maximum depth of 4.1 m in another part, 200 m northeast of the center of the lake. It should be emphasized that archival and current measurement results have been reduced to a common water level for analysis. The sonar echograms at two frequencies indicate a layer of loose organic sediment on the bottom of the entire lake, with a thickness of 20-40 cm. Ultimately, it can be concluded that differences in bathymetry and morphometric parameters are partly due to the imperfection of old analog measurement methods (particularly positioning) and significant eutrophication, which happens in many lakes under anthropo pressure. Accuracy and reliability of raw measurement data significantly affect the bathymetry and can be a very important issue in the interpretation of the water environmental change. The presented results show that the bathymetric data and morphometric parameters of lakes, used for morphometric study and research in hydrobiology, limnology, fisheries and other environmental research, are highly dependent on the research methodology used, precise water level determination, reliable shoreline investigation, collected raw data, bathymetric and aerial maps elaboration processes.
Self-Built Fixed-Wing UAVs Future
Recent advances in drone technology, combined with low-weight sensors, provide a new method for mapping water areas at high resolution. A low-cost UAV system with a camera can quickly collect photographs of the shallow lake shoreline and inaccessible adjacent areas. Without human risk, it provides geoinformation with high accuracy. Therefore, the proposed and implemented low-cost UAV system can support the classical geodetic total station and RTK/GNSS technologies but, above all, it significantly supports the bathymetric measurements of inland, shallow lakes.
Nowadays, there are many complex aerial mapping systems on the geodetic market. The main advantages of a self-built fixed-wing platform over the commercial ones are undoubtedly a low price and a possibility of easy repair or improvement. Other advantages include own configuration of the UAS, a possibility to adapt various kinds of data collection and navigation sensors, and open source firmware being developed faster than commercial. Additionally, a mission planning tool is much more advanced. The main inconveniences of the self-built UAS are: much more time needed for building and testing and the lack of guaranty and technical support. The proposed fixed-wing UAS does not really compete with traditional photogrammetric flights, but offers interesting options for small water areas, where the cost of traditional flights is simply too high. Vol. 175, (2018) Application of Low-Cost Fixed-Wing UAV for Inland Lakes Shoreline Investigation 3279
Our study confirms the relevance of UAVs platform in water applications and is consistent with previous results (Č ermáková et al. 2016; Venturi et al. 2016; Yucel and Turan 2016) . The solutions presented in those articles are based on off-the-shelf multi-rotor platforms. Their methodology and results validate the usefulness of UAVs platform for shoreline extraction and changes detection on small water reservoirs. These studies are preliminary and authors declare further study of UAVs, especially regarding the possibility to utilize other sensors on the platform (for example, for water pollution identification, chemical analyses, water samples). There are many platforms developed by academic institutions (Cai et al. 2014 ), but usually access to them is limited. There are some examples in literature describing the process of building UAVs platform (Anweiler and Piwowarski 2017; Sørensen et al. 2017) . They are based on open standards and components but are usually constructed as a multi-rotor type of UAV. Our fixed-wing solution is similar, but offers a great opportunity to implement a new GNSS/IMU components and additional sensors. Both active and passive sensors can be used to improve the process of data acquisition (Dietrich 2017) . The promising results suggest a further need for testing UAV platform to raise capacities and extend their applications.
Conclusions
The main objective of the present work was to describe an application of a low-cost tailless fixedwing UAV for inland lake shoreline and adjacent area investigation. The proposed methodology uses an unmanned aerial system constructed and implemented specifically for small inland reservoirs (like Lake Suskie). A fixed-wing UAS, developed and implemented by the authors, can provide an excellent tool for accurate surveys of a shallow lake shoreline. It also provides valuable geoinformation data definitely faster than the traditional total station/RTK methods.
The constructed tailless UAV was made of widely available parts and open-source software. Images collected during the research were recorded using the Sony RX100 camera and elaborated with open source software. Precisely determined GCPs should be used to increase the accuracy of the final results. Static or RTK/GNSS methods need to be utilized for control points measured with 1 cm accuracy. The proposed solution improves the efficiency and makes it possible to get reliable results and accuracy comparable to the conventional techniques. Depending on the survey area and the UAV type, drones may offer a more economic survey platform than a crewed aircraft. They can also fly more slowly, at lower altitudes, allowing for safe use of high-resolution sensors. Just as aerial and satellite sensing have transformed scientific observations, allowing the resolution of largescale physical processes, the pervasive use of drones is set to revolutionize geophysical sciences through the rapid and refined measurement of small-to-medium scale phenomena (Famiglietti et al. 2015; Tauro et al. 2016 ).
The proposed methodology shows that even a low-cost fixed-wing UAV can provide an excellent tool for accurately surveying a shallow lake shoreline and generate reliable geoinformation data collected faster than when traditional geodetic methods are employed. The presented study is only the first step to construct a universal, multifunctional platform for both passive and active sensors to acquire complex information about water environment.
Measurements made with the use of UAV methodology and orthomosaic seem to be one of the best options for water environment investigation. High-resolution (pixel at the level of centimeters) and up-to-date data provide reliable information on the coastline in a relatively short period of time. The proposed and implemented UAS platform can be easily extended by additional passive or active sensors. The raw data can be captured in a wider range of electromagnetic spectrum or by active sensors like laser scanners.
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